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ABSTRACT
In the present study, Zea mays seedlings grown under nano Cu(OH)2 (nCu), bulk
Cu(OH)2 (bCu), and ionic CuSO4 (iCu) compound exposure were harvested after six days. The
nutritional profile was determined to be significantly disrupted in the roots by 1000 ppm bCu
treatment, resulting in a 58.7% reduction in potassium compared to the control. In the shoots, a
significant decrease of manganese was observed for 10 and 1000 ppm iCu treatments with 55.7%
and 64.2% reductions, respectively. The overall protein content and catalase (CAT) enzymatic
activity, however, remained unaffected in either roots or shoots, while an absence of
polyphenol oxidase (PPO) activity was observed for all samples. The genetic expression of
defense-related genes, metallothionein (MT), CAT, ascorbate peroxidase (APX), and PPO was
assessed. The genetic expression of MT was upregulated 50-fold in roots treated with 1000 ppm
bCu. There were no significant differences in CAT transcripts among the various treatments,
while APX was upregulated 28 and 19-fold in shoots treated with 10 ppm bCu and 10 ppm nCu,
respectively. Meanwhile, APX mRNA levels were downregulated five-fold in shoots treated
with 1000 ppm iCu. Thus, indicating that the role of APX in plant defense was reinforced in
seedlings exposed to low concentration of particulate Cu compounds. Remarkably, no PPO
expression was found in any of the treatments and controls, which suggests this enzyme is
expressed only under specific external factors or seedlings have an “immature” cascade signaling
activation of the PPO system. Taken together, these results show that bCu and nCu treatments at
a low concentration do not compromise vital cell machinery but rather elicit the enhancement of
defense responses as observed through the increase in APX expression. Furthermore, under
optimal concentrations, these Cu treatments show promise in enhancing corn defense responses,
which can ultimately lead to increases in future global crop yields.
vii

The dissolution of nano CuO (nCuO) in nutrient solution was monitored over time using
single particle ICP-MS, to measure particle diameter based on mass determinations of Cu
containing particles. From the introduction of nCuO into the nutrient solutions to week three,
50ppm 80nm nCuO, 100ppm 80nm nCuO 50ppm 40nm nCuO had dissolution percentages of
28%, 22% and 20%, respectively. Under the same dissolution conditions in the presence of corn
seedlings, these dissolution percentages were considerably reduced to 18%, 16% and 15%,
respectively, confirming that nCuO transformation over time is directly related to direct matrix
conditions. Furthermore, all the nCuO treatments significantly reduced the root lengths and
biomass, when compared to control. All 100ppm treatments significantly hindered shoot mass
and only the 100ppm 80nCuO treatment significantly reduced shoot length, when compared to
control. Meanwhile, chlorophyll content remained unaffected when compared to the control.
These findings suggest that nCuO has an effect on biological tissues that have direct contact with
these particles. If utilized for agricultural applications their transformation and gradual release of
Cu2+ to the environment should be thoroughly monitored to balance nutritional quality and
prevent cytotoxicity.
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CHAPTER 1

INTRODUCTION
1.1 Origin of Nanomaterials
Nanomaterials (NMs) are materials that have at least one dimension in the nanoscale,
1nm to 100nm (Lowry et al., 2012). They are composed of inorganic, organic and organometallic
constituents and possess various chemical, physical and/or electrical properties that change
proportionally with material size and shape (Hochella et al., 2019). Nanomaterials can be further
classified based on their origin which include natural, incidental and engineered.
Natural Nanomaterials are ubiquitous in nature and are formed independently from
human involvement. These NMs are abundant on Earth and are sourced from various geological
processes such as dust storms, volcanoes, forest fires, etc. (Hochella et al., 2019).
Incidental Nanomaterials are unintentionally produced as byproducts of direct or indirect
human influence. Less is known about the formation and abundance of these materials, however;
they are known to be produced in areas of high industrial, agricultural, and mining activity
(Hochella et al., 2019).
Engineered Nanomaterials are designed NMs and intentionally produced by humans.
These NMs are often found in commercial products, with the most common engineered NMs
being TiO2, ZnO, Cu, carbon nanotubes, graphenes, etc. (Keller & Lazareva, 2014).
Both incidental and engineered NMs are composed due to human involvement, together
these are considered anthropogenic NMs. Though there are many processes by which NMs can
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be formed, their size and shape are fundamental to their unique properties, which distinguishes
them from other related materials in the macro scale.
1.2 Engineered Nanomaterials
Nanotechnology, the field of engineered nanomaterials (ENMs) has become a significant
portion of the global material flow (Keller et al., 2013). The industrial use of these materials has
significantly benefited global markets, with projections suggesting that the use of ENMs will
continue to increase. Furthermore, nanotechnology as a field is one of the highest research
priorities due to its potential. More importantly, ENMs are promising alternatives that ensure
sustainable practices, which will consequently help reduce human footprint in the environment
(Kabir et al., 2018).
Attributed to their versatility and fine-tuned properties, ENMs can be incorporated into
commodities such as medicine, textiles, electronics and cosmetics, or they can be used directly,
which is common for environmental remediation applications and agriculture (Hochella et al.,
2019). The full-scale effects of ENMs on biological systems are still not entirely understood,
however, they have led to breakthrough innovation in combating viral infections in humans
through vaccine development and disease suppression in staple crops (Peplow, 2021; A. Servin
et al., 2015).

1.3 Engineered Nanomaterials in Agriculture
Applications of nanotechnology in agriculture are currently being explored for their
potential as nano-enabled agrochemicals, which can make for more efficient and sustainable
practices. At present, applied agrochemicals are inefficient and poorly utilized. In addition,
climate changes leading to drought conditions, plant diseases and soil degradation have resulted
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in significant crop losses with high energy and water expenditures resulting in environmental
damage (Lowry et al., 2019).
The use of ENMs in agriculture is a viable alternative to improve water, light, and
chemical efficiencies in plants and in return increase yields with fewer resources, all while
minimizing the environmental impact. This can be accomplished through developing sensors,
targeting nutrient delivery, enhancing microbiome to increase soil and plant health and
controlling plant disease (Lowry et al., 2019). Figure 1 illustrates the different pathways
nanotechnology can be applied to enhance agricultural productivity.

Figure 1. 1 Applications of nanotechnology in agriculture that enhance productivity and promote food security
(White & Gardea-Torresdey, 2018).

1.4 Inefficiencies in Conventional Agrochemicals
Extensive research is currently being conducted to promote future food security by
improving yield and food system inefficiencies. In particular, the fertilizer sector has low
efficiencies at approximately 40% worldwide (Bindraban et al., 2020). These fertilizers
traditionally consist of nitrogen (N), potassium (K), and phosphorus (P) nutrients, and when not
3

utilized by plants, they are lost to the air as ammonia and nitrous oxides, while elevated levels of
nitrates or phosphates end up in bodies of water, all leading to climate change and decreases in
biodiversity (Bouwman et al., 2017). Furthermore, the longtime use and inefficiency of NKP
fertilizers has disrupted soil quality and bioavailability of common micronutrients such as
copper (Cu), zinc (Zn), iron (Fe) and manganese (Mn) content (De La Torre-Roche et al., 2020).
Consequently, this has led to a disruption in nutrient levels of cereals, fruits and vegetables with
substantial decreases in Ca, Mg, Zn, Fe and Cu resulting in impacts to basic human nutrition
(Bindraban et al., 2020).
Due to the inefficiencies and environmental damage caused by conventional fertilizers,
sustainable alternatives such as ENMs are being explored due to their versatility in design. In
identifying physiological needs of crops, ENMs can be designed to improve nutrient uptake,
redistribution, and utilization. Moreover, these ENMs can serve to improve nutritional value of
agricultural products, optimize crop tolerance to stressors, while also reducing environmental
impact.

1.5 Metal-Based Engineered Nanomaterials as Nutrient Supplements
Among the ENMs of interest, metal-based nanomaterials are being studied as
micronutrient supplements and plant growth enhancers (Liu & Lal, 2015). Although, essential
micronutrients such as Cu, Fe, Mn, and Zn are only needed in trace amounts, they are necessary
for physiological functions including plant metabolism, reproductive growth, chlorophyll
synthesis, nutrient regulation, fruit development, etc. (Tripathi et al., 2015). Modern crop
cultivation has led to nutrient deficiencies in soil and in turn crops. Thus, essential micronutrients
containing ENMs are being explored as a means for sustainable nutrient delivery.
4

1.6 Exposure of Engineered Nanomaterials to Zea mays
To fully exploit all the potential benefits that metal based ENMs can provide to the
agriculture industry extensive research is being conducted to obtain a thorough understanding of
these materials and their effects on crops. Plant exposure to these ENMs include root and foliar
applications as well as seed priming as a pre-sowing treatment (De La Torre-Roche et al., 2020).
Ideal model systems selected for these investigations involve staple crops, which provide
approximately two thirds of the global caloric crop consumption (White & Gardea-Torresdey,
2018). Furthermore, with increasing populations the demand for these staple crops, corn (Zea
mays), rice, wheat, and soybean, will continue to increase.
The effects of various ENMs have been extensively studied on Zea mays, with ENMs of
interest including iron (Fe), copper (Cu), zinc (Zn) and manganese (Mn) containing (P. Li et al.,
2020a; Zhang et al., 2015). Application mode and concentration all contribute to the different
effects ENMs can pose on corn growth and development. Notable phenotypic effects such as
growth hinderance can be observed under elevated ENM concentration exposure such as 1000
ppm (Zhang et al., 2015). However, non-phenotypic effects can only be determined by
evaluating genetic expression of key enzymes and performing thorough metabolomic analysis
(Y. Wang et al., 2021). Research focused on non-phenotypic effects serves to identify crops’
nutritional quality and ability to combat external stressors such as plant pathogens and extreme
climate conditions. Furthermore, these investigations are the foundation to achieving sustainable
future food security by increasing crop yields even as environmental conditions continue to
change.
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1.7 Research Objectives
This dissertation research focused on the effects of Cu ENMs on Zea mays presented in
two phases. To fully understand the role of these ENMs in corn, these studies also included bulk
and ionic Cu counterparts for comparison, with the bulk representing conventional materials,
while the ionic Cu was the fully dissolved and readily available form of the micronutrient. Phase
I of this study evaluated the genetic expression of antioxidant and defense enzymes in corn at an
early developmental stage. Phase II involved a dissolution study of bulk and nano Cu in nutrient
solutions, followed by corn growth in nutrient solutions supplemented with nano and ionic Cu
compounds.
This work aimed to address the following questions:
1. Are there concentration-dependent physiological and molecular responses of Cu ENMtreated corn seedlings?

2. Does size of Cu ENM determine dissolution rates of these materials in nutrient solutions?
3. How do nutrient solutions supplemented with Cu ENMs affect corn growth?
The objectives for this work included:
1. Evaluate the induced genetic expression effects of Cu ENMs in corn seedlings.
2. Determine the dissolution of Cu ENMs in nutrient solutions over time by monitoring
ENMs size changes over time.
3. Assess the growth and physiological parameters of corn grown in nutrient solutions
supplemented with Cu ENMs.
This research was conducted under the following hypothesis:
1. At optimal concentrations, Cu ENMs enhance the defense response of corn seedlings
observed through genetic upregulation of antioxidant enzymes.
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2. There are size dependent effects governing the dissolution of Cu ENMs in nutrient
solutions.
3. Growth conditions of corn in nutrient solutions supplemented with Cu ENMs will have
improved effects when compared to nutrient solution without any ENMs.
The results presented in this work give insight into the role of Cu ENMs in regulating genetic
responses of Zea mays at early seedling growth stage, presented in Phase I. The work presented
in Phase II gives insight towards the behavior of Cu ENMs in nutrient solutions over time and
what this implies to corn growth, serving as a foundation to better understand the role of ENMs
in more complex matrices such as soil.
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CHAPTER 2

ANTIOXIDANT AND DEFENSE GENETIC EXPRESSIONS IN CORN AT
EARLY DEVELOPMENTAL STAGE ARE DIFFERENTIALLY
MODULATED BY COPPER FORM EXPOSURE (NANO, BULK, IONIC):
NUTRIENT AND PHYSIOLOGICAL EFFECTS1

2.1 INTRODUCTION
Current projections estimate that by the year 2050 there will be a global population of
approximately 9.7 billion people (White & Gardea-Torresdey, 2018). In order to sustain such a
large population, agricultural production needs to be increased by at least 50%, from 2012 levels
(Kah et al., 2019). As the ratio of available resources to total population continues to dwindle,
the most viable method to obtain food security is by boosting crop yields. However, continuous
climate changes and limited fresh water, make this a challenging feat. These climate fluctuations
have led to an increase in the activity of pests and pathogens resulting in detrimental effects on
all crop yields. The aforementioned changes have affected many crops, including three staple
grains, maize, rice, and wheat (Deutsch et al., 2018). Approaches used to mitigate this issue is
the application of agrochemicals; however, their inefficiencies in delivery and utilization lead to
average losses of 10–75% (White & Gardea-Torresdey, 2018). Thus, this has exhorted the

1

Reprinted from Valdes C., Cota-Ruiz K., Flores K., Ye Y., Hernandez-Viezcas J. A., Gardea-Torresdey J. L.,
(2020) Antioxidant and defense genetic expressions in corn at early-developmental stage are differentially
modulated by copper form exposure (nano, bulk, ionic): Nutrient and physiological effects. Ecotoxicology and
Environmental Safety, 206, ©2020 Elsevier B. V. All rights reserved.
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interest in using nanotechnology as a means for precise delivery of fertilizers and pesticides in
agriculture (Kah et al., 2019).
Active research is being conducted to investigate the delivery and implication of essential
micronutrients including copper (Cu), manganese (Mn), zinc (Zn) and iron (Fe) through various
metal-based nanoparticles (NP) (Elemike et al., 2019; J. Li et al., 2016; López-Moreno et al.,
2017; Nair & Chung, 2015; Ye et al., 2020). Copper specifically has been shown to elicit
different physiological and biochemical responses in a variety of crops. Trujillo-Reyes et al. have
reported that nano Cu/CuO treatments resulted in an increase in Cu accumulation in the roots of
lettuce compared to the ionic Cu counterparts (Trujillo-Reyes et al., 2014). Cota-Ruiz et al.
reported significant changes in elemental distribution in alfalfa seedlings treated with nano
Cu(OH)2 (Cota-Ruiz et al., 2018). Furthermore, foliar applications of Cu nanopesticide have
shown to induce defense responses in cucumber plants, while having no effect on photosynthetic
pigment levels (X. Zhao et al., 2017). In a particular study assessing the foliar application of
nano CuO to Fusaium oxysporum infected tomato resulted in a decrease in disease progression.
Additional studies demonstrated that F. oxysporum fungal viability was not affected by CuO NP
treatments up to 1000 mg/L, suggesting that the observed decrease in disease progression was a
result of nano CuO induced effects on the tomato plant (Elmer & White, 2016). These findings
suggest that supplemental Cu nutrition from nano Cu particulates can be harnessed by the plant
and further utilized to maintain homeostatic balance, under extraneous conditions.
The role of Cu in plants is multifaceted, especially in photosynthetic and respiration
processes as well as defense responses (Yruela, 2005). The dual oxidation states of Cu, Cu(I) and
Cu(II), allows for the utilization of this element in the electron transport chains of the
mitochondria and chloroplasts. These metabolic processes comprise an essential role in plant
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survival and success. In protection responses, the Cu/Zn isoform of superoxide dismutase (SOD)
is the first line of defense in chloroplasts for reactive oxygen species (ROS) scavenging,
catalyzing the conversion of superoxide (O2−) to hydrogen peroxide (H2O2). Moreover,
polyphenol oxidase (PPO) is a defense enzyme consisting of a Cu-containing tetramer. This
enzyme is responsible for the formation of a protective barrier during plant senescence and
pathogen invasion by catalyzing the oxidation of o-diphenols into o-quinones (Arnon, 1949;
García-Carreño et al., 2008). Furthermore, Cu has been reported to induce the expression of
metal-chelating proteins such as metallothionein (MT) (Cobbett & Goldsbrough, 2002). The
highlighted mechanisms involving Cu are only a fraction of the roles this micronutrient
contributes to plant physiology. It is important to note that although Cu is essential for plant
development at high concentrations it can be toxic, leading to cellular impairments (Yruela,
2005). These toxic levels of Cu are dependent on plant species and mode of exposure.
Currently, not enough information is known about the molecular effects imposed by Cubased nanomaterials on our global staple crops such as corn. The fate of crops is heavily dictated
by the germination and seedling conditions, while complex metabolic pathways are initiating
(Deleens et al., 1984). Although studies have reported on the physiological effects of
nanomaterials on corn, there is a lack of information that focuses on the underlying molecular
responses at the genetic level (Karunakaran et al., 2016; Z. Wang et al., 2012; L. Zhao et al.,
2012). Evaluating the molecular effects of Cu-nanomaterials on corn seedlings can provide a
more comprehensive understanding of the performance of the crop in later life stages and the
efficacy of these nanomaterials to alleviate environmental stressors such as pathogens.
In the present study, the physiological and molecular responses of six-day-old corn
seedlings exposed to Cu hydroxide nanowires (nCu), commercially available bulk Cu hydroxide
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(bCu), and ionic Cu sulfate (iCu) were evaluated. Using inductively coupled optical-emission
spectroscopy (ICP-OES), the nutritional profile of the seedling roots and shoots was determined.
Additionally, the total protein content and the enzymatic activities of catalase (CAT) and PPO,
antioxidant and defense enzymes were measured. Furthermore, the expression of genes integral
for plant defense was evaluated, including CAT, ascorbate peroxidase (APX), MT and PPO. The
findings reported below, describe dose-dependent cell molecular responses to Cu exposure as
well as the complexity of the cellular metabolism. These results provide insights to understand
the expression of certain genes involved in metabolic pathways and highlight the significance of
genetic regulation.
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2.2 MATERIALS AND METHODS
2.2.1 Experimental design and NPs preparation

Golden variety Zea mays seeds purchased from Urban Farmer (Westfield, IN) were
disinfected with 1% NaClO for 1 h and rinsed three times with deionized water with a resistivity
of 18.2 MΩ (MW). Following a 3-h soak in MW, corn seeds were left to air dry for 4 h before
proceeding with germination. Subsequently, solutions of nCu (US Research Nanomaterials,
Inc.), commercially available bCu (Kocide,® Dupont) and iCu (CuSO4) (Spectrum Chem) were
prepared and sonicated for 30 min, under a temperature-controlled bath at 25 °C. Specifications
on physicochemical properties of nCu and bCu have been reported previously (Cota-Ruiz et al.,
2020). These solutions were then utilized to prepare the potato dextrose agar (PDA) (pH 5.4–5.8)
containing 0, 10, 100, and 1000 ppm of the Cu compounds. The agar solutions were poured into
Petri dishes (100 mm × 15 mm), to obtain five dishes per treatment, resulting in five replicates.
Once the PDA solidified, four corn seeds were placed in each dish and were maintained at 25 °C
under dark conditions for a total of six days (Karunakaran et al., 2016). During the harvest,
seedling biomass was recorded (Appendix Figure S1) then the roots and shoots were separated
into their respective sample sets. Half of each sample set was stored at −80 °C, while the other
half was oven-dried at 70 °C for 72 h. Dried samples were used to perform elemental analysis,
while the frozen samples were used for molecular studies.
2.2.2 Quantification of macro and micronutrient in roots and shoots
Oven-dried roots and shoots were ground and digested with 4 mL of plasma pure
HNO3 in a digestion block (DigiPREP MS) at 115 °C for 45min. Following the acid digestion,
all samples were diluted to 50 mL using MW. Macro and micro essential nutrients (Cu, Ca, K, P,
S, Fe, Mg, Mn and Zn) were quantified in each tissue using an ICP-OES (PerkinElmer)
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spectrophotometer. For quality control, blanks, spikes and standard reference material (NISTSRM 1570a) were analyzed along with the samples. Between every 50-sample intervals,
standard solutions were run. The digestion method used was validated with a 96% recovery.

2.2.3. Protein quantification
Protein extractions were performed in conjunction with RNA extractions at 4 °C,
discussed further below. Proteins were precipitated and centrifuged following the addition of
5 M NaCl, in accordance with the manufacturer's instructions. To each protein sample, 150 μL of
Tris-HCl (pH 7.5) buffer was added and then maintained at −20 °C. Protein quantification was
conducted using Coomassie Protein Assay Reagent (Thermo Scientific Prod #1856209)
following the manufacturer's recommendations. Absorbance was measured at 595 nm using a
SpectraMax 190 Microplate Reader (Molecular Devices). Standard calibration curves were
performed using bovine serum albumin (Thermo Scientific) with accepted R2 values of 0.98 or
greater. The protein solutions were further used to determine enzymatic activities of polyphenol
oxidase and catalase.

2.2.4. Polyphenol oxidase (PPO) activity
To determine PPO activity, 50 μL of L-3,4-dihydroxyphenylalanine (L-Dopa) substrate
(10 mM in MW) was added to a well containing 50 μL of protein sample and 200 μL of Tris-HCl
buffer (pH 7.8). Immediately after the addition of L-Dopa, absorbance was measured at 490 nm
over time, to monitor melanin production using a SpectraMax 190 Microplate Reader (Molecular
Devices) (García-Carreño et al., 2008). For method validity, tyrosinase from mushroom (Sigma
Cat. T3824) was also assessed as a positive control.
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2.2.5. Catalase (CAT) activity
Catalase activity was determined by adapting the method reported by Aebi to a
microplate (Aebi, 1984). Briefly, using H2O2 as the substrate, 150 μL (5 mM) of H2O2 was added
to a solution containing 20 μL of protein sample and 130 μL of phosphate buffer saline (PBS).
Immediately after the H2O2 addition, the change in absorbance at 240 nm was measured over
time using a SepctraMax 190 Microplate Reader (Molecular Devices). Catalase extracted from
mint leaves was used as a positive control.

2.2.6. Real-time polymerase chain reaction (RT-PCR)
Total RNA was extracted from roots and shoots of corn seedlings using the PureLink™
Plant RNA Reagent (Invitrogen™), according to the manufacturer's instructions. Using a
Nanodrop spectrophotometer (Thermo Scientific), the absorbance ratio of 260/280 was measured
to quantify RNA in each sample. Traces of genomic DNA were removed following sample
treatments with RNase-free DNAse I (ThermoScientific) under an incubation period of 30 min at
37 °C. Subsequently, reverse transcription of RNA was performed utilizing the High-Capacity
cDNA Reverse Transcription Kit (ThermoScientific). All samples were adjusted to a final cDNA
concentration of 5 ng/μL, with respect to the initial RNA.
Real-time quantitative PCR was performed using a StepOnePlus™ Real-Time PCR
system. The target genes analyzed were APX, MT, CAT, and PPO, with actin serving as the
reference gene. PCR reactions included a final volume of 20 μL per replicate, each replicate
containing 10 μL of 2X SYBR Select Master Mix (ThermoScientrific), 1 μL of each, forward
and reverse primer (final primer concentrations ranging from 500 to 1000 nM), 7 μL of
DNase/RNase free water (ZymoBIOMICS™) and 1 μL of cDNA. The amplification conditions
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were as follows: 40 cycles at 95 °C for 15s for denaturation, 55°C–62 °C for 30s for primer
annealing, and 72 °C for 30s for elongation, with a melt curve set between 60 °C and 95 °C.
Standard curves for each gene were performed using cDNA as a template, to determine PCR
efficiency. All primer conditions were optimized to obtain 90–110% efficiencies. The acquired
results and data were analyzed using the 2−ΔΔ Ct calculations (Schmittgen & Livak, 2008). The
specifications for each individual gene and PCR conditions can be found in the Appendix (Table
S1).

2.2.7. Statistical analysis
The normality of the data was evaluated using the Kolmogorov-Smirnov test. When
necessary, the Box-Cox transformation was used to normalize the data. One-way ANOVA along
with the Tukey HSD test for comparison with an error α at p ≤ 0.05 were performed for all
parametric data sets. Any non-parametric data was evaluated using a Kruskal-Wallis test,
followed by a Dunn's post hoc test. A combination of OriginPro (2018) and Minitab 18 was used
for conducting all statistical analysis.
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2.3 RESULTS AND DISCUSSION
2.3.1 Micro and macronutrient content

In the present study, the effects of various Cu compounds on corn seedlings were
evaluated. The optimization of these findings can be utilized for agricultural delivery of
supplemental nutrients that can be beneficial to provide food security. The macro and
micronutrient content were evaluated to assess whether Cu exposure had any effect on the
nutritional profile of corn seedlings. The macro and micronutrient profiles of Ca, P, S, Fe, Mg,
and Zn in root and shoot tissues remained unaffected at all Cu treatments (p ≤ 0.05) (Appendix,
Table S2). The Cu content in roots and shoots of corn seedlings is presented in Figure 2.1. Roots
of corn seedlings exposed to 1000 ppm iCu were excluded, as the buds were appreciably too
small (Appendix, Figure S1) to accurately quantify nutritional content; however, the shoots
corresponding to this treatment were evaluated. Independent of Cu compound exposure, Cu
concentration in roots and shoots of corn seedlings increased in a dose-dependent manner. Bulk
and ionic Cu treatments at 1000 ppm yielded a considerably higher amount of Cu in shoots with
values of 3.127 mg/g (±2.5) and 1.53 mg/g (±0.57), respectively, compared to the nanowire
treatment (0.17 mg/g ±0.05) (p ≤ 0.05). This may be indicative that Cu from CuSO4 and bulk
Cu(OH)2 was more readily available to the seedlings than Cu(OH)2 nanowires. In its ionic form
Cu is readily available in solution, while the behavior and stability of Cu in its particulate form
can be dictated by its zeta-potential. The literature reports the zeta-potentials of bCu and nCu at
−40.9 ± 2.7 mV and 24.1 ± 0.32 mV, respectively (Tan et al., 2018; Zuverza-Mena et al., 2015).
The higher magnitude in zeta-potential of bCu relative to nCu elucidates to its greater stability
and thus availability compared to nCu. Therefore, the differences in uptake of nCu and bCu can
be inferred through their contrasting zeta-potentials. Contrarily, previous findings on 15-day old
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corn seedlings germinated and grown in nutrient solutions containing CuO NP, exhibited a
significant increase in Cu content within shoots of seedlings treated with 100 ppm CuO NP
nutrient solution (Z. Wang et al., 2012). Moreover, following the application of 25 and 75 mg/L
of Cu compounds to alfalfa sprouts, Cota-Ruiz et al., found that Cu in seedlings increased with
increasing Cu concentration. However, ionic treatments resulted in a considerably higher amount
of Cu in seedlings compared to the bulk and nano counterparts (Cota-Ruiz et al., 2018).

Figure 2. 1 Copper content in roots (A) and shoots (B) of 6-day corn seedlings. Seedlings were germinated and
grown in 0, 10, 100, and 1000 ppm of ionic (Cu(SO)4), bulk (Kocide Cu(OH)2) and nano (nanowire Cu(OH)2)
copper compounds. The different letters denote significant differences between each treatment and their respective
control at ρ ≤ 0.05. The * denotes significant differences between treatment and its respective control at ρ ≤ 0.05.

Potassium (K) content in corn roots and shoots remained unaffected between control seedlings
and those exposed to various Cu treatments, except for 1000 ppm bulk Cu treated seedlings as
depicted in Figure 2.2A. The significant reduction in K concentration in roots was from
27.47 mg/g (±8.00) for the control to 11.35 mg/g (±2.61) for the seedlings grown at 1000 ppm
bCu(OH)2 (p ≤ 0.05). The appreciable decrease in K can be suggestive of cellular integrity loss
(Z. Wang et al., 2012). Potassium is the cation found in the highest concentrations in plants and
thus affects numerous cellular processes (Gierth et al., 2005). It plays a particularly vital role in
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cellular function, including osmotic regulation and stress resistance. Under elevated salinity
stress, plasma membranes may begin to disintegrate, leading to an increase in potassium leakage
(M. Wang et al., 2013). Conversely, an excess amount of ROS may be deleterious to cellular
membranes and its components, which can affect K influx/efflux and ultimately result in cell
death (M. Wang et al., 2013). This can be confirmed with the observed growth defect in the roots
at 1000 ppm bCu (Appendix, Figure S2A). In this study, it is possible that at 1000 ppm bCu,
there may have been a significant increase in ionic fluctuations within root cells or excess bCu
treatment may have resulted in elevated production of ROS, either of which, could have led to
the observed decrease in K content. These results were not observed with the nCu treatment
suggesting that intrinsic physiochemical properties may be responsible for the observed findings
at high Cu concentration treatments. Similarly, K reduction was observed in alfalfa seedlings
treated with 25 ppm of Cu ionic treatments and 75 ppm of bulk, nano and ionic Cu treatments
(Cota-Ruiz et al., 2018). Contrarily, it has been reported that four-week soil-grown corn with a
100 mg foliar application of Kocide® (bulk Cu(OH)2) resulted in a significant increase in K (L.
Zhao, Hu, Huang, Fulton, et al., 2017). In cucumber, it was reported that a foliar application of
10 mg CuSO4 resulted in a significant decrease of K in roots, while elevating K concentration in
the stems (L. Zhao, Hu, Huang, & Keller, 2017). It is believed that readily available Cu within
plants elicits osmotic adjustments or produces excess ROS reflected by ion influx/efflux such as
Na and K through the K/Na pump. A high K/Na ratio serves as a protection mechanism in plant
defense and salt tolerance. Regardless of the pathway, when K/Na ratio is compromised through
excess K leakage, cell integrity is lost (L. Zhao, Hu, Huang, & Keller, 2017).
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Figure 2. 2 Potassium content in roots (A) and manganese content in shoots (B) of corn-seedlings treated with nCu,
bCu and iCu at concentrations of 0, 10, 100 and 1000 ppm. The * denotes significant differences between treatment
and its respective control at ρ ≤ 0.05.

Shoots of corn seedlings treated with 10 and 1000 ppm CuSO4 had a significant reduction in
manganese (Mn) concentration compared to control samples with Mn averages of 3.95 μg/g
(±1.29), 3.19 μg/g (±2.39) and 8.91 μg/g (±6.59), respectively (p ≤ 0.05) (Figure 2.2B).
Manganese is an essential micronutrient involved in various plant metabolic reactions primarily
as a co-factor of many proteins involved in specific processes such as respiration, photosynthesis
and defense against oxidative stress (Millaleo et al., 2010). Furthermore, a treatment of
1000 ppm CuSO4 also resulted in a significant decrease in shoot length (Appendix, Figure S2B).
Similar to these findings, alfalfa seedlings treated with ionic Cu elicited a decrease in Mn, while
bulk and nano treated seedlings remained unaffected (Cota-Ruiz et al., 2018). When evaluating
the effects of foliar applications of Kocide® at 2.5 mg–25 mg and 10 mg–100 mg on cucumber
and corn, respectively, Mn levels remained unaffected across roots, stems and leaves (L. Zhao,
Hu, Huang, Fulton, et al., 2017; L. Zhao, Hu, Huang, & Keller, 2017). It has been suggested that
excess Cu could impair processes leading to an imbalance of Ca, Cl and Mn contents (Yruela,
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2005). Considering that both Cu and Mn are micro essential nutrients present in two different
isoforms of SOD, it is possible that the readily available Cu is being used for the upregulation of
Cu-SOD, while downregulating Mn-SOD (Printz et al., 2016). Results regarding variabilities in
macro and micronutrient content among various plants exposed to different concentrations of Cu
compounds, suggests that the response elicited is dependent on species and mode of application.

2.3.2 Gene expression
The genetic expression of CAT was assessed for roots and shoots of corn seedlings,
exposed to various Cu treatments at 0 ppm and 10 ppm concentrations, shown in Figure 2.3. The
lower Cu concentration treatments were considered because it has been reported that Cu
particulates have greater beneficial properties in plants at relatively lower concentrations
(Saharan et al., 2016). The roots and shoots of corn seedlings exposed to 10 ppm nCu(OH)2 and
10 ppm CuSO4, respectively, appeared to have a slightly higher relative expression of CAT,
compared to their respective control samples. However, there was no statistical difference among
these treatments and the control. These results were in agreement with the enzymatic activity
observed for CAT, described below. Among these sample treatments, it is possible that ROS
production was not significant enough to elicit cellular responses that result in CAT gene
expression variations and in succession, enzymatic activity. However, if ROS production is
significant but CAT remains unaffected, then it is probable that a different metabolic process is
taking precedence in the scavenging of ROS. When evaluating the CAT genetic expression of
cucumbers foliarly treated with Kocide®, it was determined that CAT remained unchanged (L.
Zhao, Hu, Huang, Fulton, et al., 2017). By the same fashion, three-week old maize leaves treated
foliarly with 100 mg of Kocide® expressed a downregulation in CAT (L. Zhao, Hu, Huang, &
Keller, 2017). Although fluctuations in CAT expression may occur throughout the life cycle of
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plants, this enzyme is particularly important during the germination stage due to the emergence
of fundamental metabolic changes occurring in seedlings (Willekens et al., 1995).

Figure 2. 3 Relative expression of CAT/Actin in root (A) and shoot (B) tissues of corn seedlings exposed to 0 and
10 ppm nCu, bCu and iCu compounds. Significant differences were not observed between treated samples and
control at ρ ≤ 0.05.

Due to the cellular complexity of ROS scavenging, the genetic expression of APX was also
evaluated. With the aim to determine the role of APX in H2O2 reduction, these transcripts were
evaluated in 0 ppm and 10 ppm Cu treated samples and those significantly affected in their
elemental distribution (Figure 2.2). Although there was no significant differences in APX
expression in the roots of 10 ppm Cu treatments compared to the control, there was a significant
difference between samples treated with 10 ppm and 1000 ppm of bCu, with relative expression
averages of 19.79 (±24.42) and 0.46 (±0.51), respectively (ρ ≤ 0.025) (Figure 2.4A). These
treatments involve the same Cu-compound; therefore, it is evident that the applied dosage of bCu
plays a critical role in cellular responses. Compared to the control, 10 ppm bCu elicited a slight
increase in APX transcripts, while 1000 ppm bCu had an appreciable decrease in APX
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expression. Additionally, it is important to note that under specific concentrations, Cu treatments
may increase plant nutrition and in turn enhance cellular defense responses, as may be the case
for corn seedlings exposed to 10 ppm bCu (Ma et al., 2019). At this concentration bCu does not
compromise the nutritional profile of the seedlings, yet it is inducing an increase in APX
transcripts. Under strenuous environmental conditions, these Cu treatments can be beneficial for
plant survival, through their supplemental nutritional benefits.

Figure 2. 4 Relative expression of APX/Actin in root (A) and shoot (B) tissues of corn seedlings exposed to 0 and
10 ppm nCu, bCu and iCu compounds. The different letters denote significant differences between each treatment
and their respective control at p ≤ 0.05.

In Figure 2.4B, it is shown that upregulation of APX transcripts occurred in corn seedling shoots
at 10 ppm bCu (62.19 ± 64.12) and 10 ppm nCu (40.69 ± 0.21) compared to the control
(2.19 ± 1.26) (ρ ≤ 0.05) samples. Under the same treatment conditions however, CAT expression
was unaffected. This suggests that the involvement of APX in ROS scavenging and cellular
defense was reinforced under these specific treatments. Although peroxisomes are a major site
for CAT and APX, APX is also present in the cytosol, mitochondria and chloroplast (Caverzan et
al., 2012; Sharma et al., 2012). The upregulation of APX suggests that it may reduce ROS
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production in areas where CAT activity is not well established such as the mitochondria and
chloroplast (Sharma et al., 2012). These organelles, which involve respiration and photosynthetic
processes, accomplished through their electron transport chains, are known for their excess ROS
production (Sharma et al., 2012). Despite the different cellular compartmentalization of APX, it
has been reported that all APX isoforms are affected by stressors originating in the chloroplast
(Grene, 2002). Recent findings include rapid movements of chloroplast generated H2O2 into the
nucleus of Nicotiana benthamiana and influencing gene expression of APX (Exposito-Rodriguez
et al., 2017). Thus, it is possible that underlying fluctuations in ROS production in the
chloroplast are responsible for the increase in APX transcripts. These findings support what is
known about the metabolic complexity in free radical scavenging, that cellular defense against
ROS may be dominated by specific pathways (Sharma et al., 2012).
Moreover, a significant reduction in APX expression occurred in shoots treated with
1000 ppm iCu (0.45 ± 0.21) (ρ ≤ 0.05), compared to the control (2.19 ± 1.26) (ρ ≤ 0.05) (Figure
2.4B). Although there were no significant differences between the 10 ppm iCu treated samples
and the control samples, these findings emphasize the importance of treatment dosage. As is the
case with essential micronutrients, which are required in small concentrations for plant survival,
however, in excess they may become toxic (Yruela, 2005). It is possible that at a high
concentration of 1000 ppm iCu, the cellular response in shoots was hindered, observed through
the decrease in APX transcripts and the significant reduction in the seedling root length. In
previous studies, maize leaves foliarly treated with Kocide® resulted in no effects in APX
genetic expression between control and 10 mg and 100 mg treatments (L. Zhao, Hu, Huang, &
Keller, 2017). When evaluating cytosolic APX mRNA levels in cucumber treated with Kocide®
at 25 mg, there was a significant downregulation compared to the untreated samples (L. Zhao,
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Hu, Huang, Fulton, et al., 2017). It has been reported that APX activity often increases along
with other antioxidant enzymes, including CAT, SOD and GSH reductase (Caverzan et al.,
2012). However, in the present study differences in APX and CAT genetic expression indicate
that further investigations must be considered to better understand how enzymatic activity is
modulated by variations in genetic expression. Furthermore, as APX may be profoundly affected
by stressors occurring in the chloroplast, it is critical to decipher the underlying metabolic
processes at this growth stage, when seedlings are starting the transition to initiate photosynthesis
(Deleens et al., 1984).
Metallothionein (MT) genetic expression was evaluated in samples that were
significantly affected in their elemental composition (Figure 2.5). In the corn seedling roots,
there was a significant increase in the relative expression of MT in samples treated with
1000 ppm bCu (79.91 ± 95.97), compared to the control (1.61 ± 0.33) (ρ ≤ 0.05).
Metallothionein expression is induced by Cu and other metals; this protein has been recognized
for its role in chelating metals. Thus, the increase in the relative expression of MT is indicative
of high Cu concentrations. Moreover, MT expression can also be induced during plant
senescence (Cobbett & Goldsbrough, 2002; Hassinen et al., 2011). In addition to gene expression
differences compared to the control, a treatment of 1000 ppm bCu elicited significant changes
originating from the decrease in K (Figure 2.2A), indicative of cellular damage. Furthermore,
MT expression in 10 ppm and 1000 ppm ionic Cu treatments were evaluated in shoots of corn
seedlings, with no significant differences compared to control samples. In a study with alfalfa
seedlings, MT expression was upregulated following Cu ionic treatments with CuSO4 and
CuNO3 at 75 mg/L, each (Cota-Ruiz et al., 2018). Nutrient and water uptake by plants primarily
occurs through the roots where they translocate to other tissues through the xylem. This transport
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system is paramount for plants as it controls productivity and survival (Brodribb, 2009). In the
present study, the roots exposed to 1000 ppm bCu expressed an upregulation of MT, potentially
sequestering excess Cu to avoid its translocation into the shoot tissue, where Cu toxicity may be
detrimental to seedling growth.

Figure 2. 5 Relative expression of MT/Actin in corn seedling roots (A) grown under 0 and 1000 ppm bCu treatments
and shoots (B) grown under 0, 10 and 1000 ppm iCu treatments. The * denotes significant differences between
treated sample and its respective control at p ≤ 0.05.

The expression of PPO was evaluated for the roots and shoots of corn seedlings exposed
to 0 and 10 ppm Cu treatments. An absence of PPO transcripts was found after performing 40
cycles of RT-qPCR. These results were in agreement with the absence of PPO enzymatic
activity, discussed below. Although present in the corn genome, the PPO gene remains
untranscribed. These results suggest that PPO, a fundamental enzyme involved in defense
response in mature plants, is inactive at the early plant growth stages. Moreover, the PPO
expression may be induced by specific factors such as exposure to certain pathogens (Gul Guven
et al., 2016; Hedin et al., 1984). In a study conducted with tomato (Solanum lycopersicum L.)
grown in Cu-treated medium, there were no significant differences in PPO expression between
control and Cu-treated samples (Ma et al., 2019). However, in the same study, a time dependence
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in PPO expression was observed when Fusarium oxysporum infected tomato was treated with Cu
NPs or nanosheets (Ma et al., 2019). For the present study, further studies need to be considered
to determine factors that trigger PPO expression in corn seedlings exposed to various Cu
treatments.

2.3.3. Protein content
Total protein content was evaluated for roots and shoots of corn seedlings grown under
Cu treatments at 0 ppm and 10 ppm concentrations. Samples treated with higher concentrations
of Cu treatments were not considered because root and shoot biomass yields were proportionally
affected by increasing Cu concentrations (data not shown). Figure 2.6 represents the overall
protein content of roots and shoots, expressed in μg per g of hydrated tissue, indicating there was
no significant effect on total protein caused by ionic, bulk or nano Cu treatments. The shoot of
the corn seedlings exposed to 10 ppm CuSO4 had a slight reduction in overall protein, but
nothing of significance when compared to the control (Figure 2.6B). Particularly at the life stage
under investigation, protein is essential as it will determine the growth and fate of the developing
seedling (Herman & Larkins, 1999). Thus, this outcome suggests that Cu treatments did not
cause an impairment in the cellular machinery involved in protein synthesis and degradation.
Contrary to these findings, V. Saharan et al. found an increase in total protein content of corn
seedlings primed with 0.04% Cu-chitosan NPs and germinated for ten days. This increase in
protein content was correlated with increases in root and shoot lengths, fresh and dry weights,
and number of roots (Saharan et al., 2016).
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Figure 2. 6 Protein content of roots (A) and shoots (B) of corn seedlings exposed to 0 and 10 ppm nCu, bCu and iCu
compounds. Significant differences were not observed between different treatments and their respective controls at
p ≤ 0.05.

2.3.4. Enzymatic activity
The CAT enzymatic activity of corn seedlings, roots and shoots, exposed to various Cu
treatments at 0 ppm and 10 ppm is displayed in Figure 2.7. The CAT activity levels were
maintained at all evaluated treatments, compared to control (ρ ≤ 0.05). A slight CAT increase
was observed in shoots treated with 10 ppm CuSO4, however, there was no significant difference
when compared to the control samples (Figure 2.7B). CAT is an enzyme known for its
antioxidant properties in the scavenging of ROS through the conversion of H2O2 into water and
oxygen (Willekens et al., 1995). In the presence of biotic and/or abiotic stressors, the ability of
plants to control H2O2 levels is a key contributing factor to aid plants' resistance against
strenuous conditions (X. Zhao et al., 2017). To better understand the CAT activity role, further
investigations are necessary to determine whether the enzymatic activity of CAT is affected by a
plants’ life stage and variabilities in Cu exposure. Additional antioxidant enzymes involved in
the scavenging of H2O2 include APX and glutathione peroxidase, which may also have a
compensatory effect on the enzymatic activity of catalase (Caverzan et al., 2012). Corn seedlings
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germinated for three days in nutrient solutions resulted in an increase in CAT activity in roots
and shoots treated with 100 ppm and 20 ppm of γ-Fe2O3 NPs, respectively (J. Li et al., 2016).
When evaluating CAT activity of corn grown in cerium NPs-amended soil, it was shown that
CAT activity was enhanced at 400 mg/kg and 800 mg/kg treatments. This was observed after ten
days of growth, however, at days 15 and 20, CAT activity was unaffected, compared to controls
(L. Zhao et al., 2012). Moreover, excess Cu content in soils has shown to disrupt CAT activity in
15 and 25-day old corn plants, resulting in a decrease in enzymatic activity (Girotto et al., 2013).
Catalase activity is an indicator of ROS cell content, primarily as H2O2 concentrations; however,
ROS scavenging is a metabolically complex process that involves multiple factors and enzymes.

Figure 2. 7 Catalase enzymatic activity of roots (A) and shoots (B) of corn seedlings exposed to 0 and 10 ppm nCu,
bCu and iCu compounds. Significant differences were not observed between different treatments and their
respective controls at p ≤ 0.05.

Polyphenol oxidase is a Cu-containing enzyme involved in plant defense. This enzyme is
associated with the production of melanin, which can be utilized for cell wall strengthening and
may serve as a mechanical barrier against ROS and invading pathogens (Choudhary et al., 2017).
In the current study, the enzymatic activity of PPO in corn seedlings was evaluated using the
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substrate, L-Dopa, with no observable PPO activity in either the root or shoot tissues. Based on
the catalase enzymatic activity detected in these tissues, there was no degradation of enzymes
during the extraction process. Furthermore, the method for PPO detection was validated with a
standard tyrosinase from mushroom (Sigma Cat. T3824), following the manufacturer's
instructions. These experiments are in accordance with the genetic expression studies, in which
PPO transcripts were absent. When analyzing PPO activity during seed germination of various
barley, wheat, soybean and corn seeds it was reported that PPO activities were highest in the
embryo of the seeds rather than the food tissues (Kocaqaliskan et al., n.d.). In this same study,
when different substrate and enzyme interactions were evaluated, corn seeds had PPO activity in
the presence of caffeic acid as a substrate, but not under dopa exposure (Kocaqaliskan et al.,
n.d.).
In the present study, PPO activity was only evaluated in root and shoot tissues and not the
seeds, where active PPO may have been present. These findings suggest that the enzymatic
activity of PPO may be dictated by tissue and substrate specificity. It has been reported that
healthy plants have PPO present in a latent form, found on the thylakoid membrane. The absence
of thylakoid membranes at this early stage of seedling growth may explain the lack of PPO
activity in the six-day old corn seedlings. Furthermore, it is believed that PPO in vivo function
occurs only under plant senescence or cellular damage (Vaughn et al., 1988). In tomatoes it has
been reported that signals originating from a wound site can be transported throughout the plant
to activate the synthesis of defensive enzymes such as PPO (Bergey et al., 1996). Consequently,
extraneous conditions that lead to tissue damage can trigger the activation of a cascade signaling
pathway for the production of PPO. It is important to note that although there may be a notable
plant injury, there is a time dependence factor involved in PPO enzymatic activity.
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2.4 CONCLUSIONS
Physiological and molecular responses of Zea mays seedlings were evaluated following
their exposure to nCu, bCu, and iCu for six days. The elemental composition of seedling tissues,
roots, and shoots suggests that under certain treatments and concentrations the nutritional profile
of the seedlings can be disrupted. Meanwhile, the authors have found that PPO was not
expressed in the six-day-old corn seedlings, as demonstrated by genetic expression and
enzymatic approaches. This suggests that the PPO defense system remains inactive in Cu-treated
seedlings. Additionally, protein content and CAT enzymatic activity were unaffected in either
root or shoot seedling tissues. However, differences in gene expression of APX and MT suggest
that certain Cu compounds can induce underlying molecular changes at the cellular level. When
comparing the differences in genetic expressions of APX and CAT with the control, it is evident
that ROS scavenging is a very complex cellular process. Hence, specific pathways may be
upregulated or downregulated depending on cellular compartmentalization of ROS production.
The effects of Cu compounds on corn seedlings need to be further evaluated because,
under certain treatment conditions, Cu may increase nutritional value to plants. This added
nutrition can be utilized to enhance defense responses, particularly under strenuous conditions
such as plant disease. Based on the variation in APX gene expression, it appears that ROS
scavenging is compartmentalized. Furthermore, additional molecular studies will need to be
considered to confirm the metabolic pathways that are taking precedence in the cells. These
studies include, the determination of the genetic expression of the different SOD isoforms, as
well as the enzymatic activity of SOD and APX. In addition, the quantification of non-enzymatic
antioxidant compounds can be evaluated to determine their metabolic role in ROS scavenging.
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Ultimately, copper compounds can be tested in pathogen-infected corn to exploit the beneficial
properties of corn while enhancing the plant immune responses.
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CHAPTER 3

MONITORING THE DISSOLUTION OF NANO CUO IN NUTRIENT
SOLUTION VIA SINGLE PARTICLE ICP-MS AND ITS EFFECTS ON
ZEA MAYS (CORN) GROWTH

3.1. INTRODUCTION
Engineered nanomaterials (ENMs) have been extensively used in various industrial
applications such as medicine, electronics, textiles, and cosmetics (Keller et al., 2013). Attributed
to their large surface area to volume ratio and tunability properties, ENMs exhibit unique
characteristics uncommon to their bulk counterparts (Hochella et al., 2019). More recently,
ENMs have been studied for sustainable environmental applications such as drinking water
treatment and pollution clean-up (Adeleye et al., 2016). The application of ENMs is also being
explored for agricultural purposes, as this industry relies heavily on the direct application of
chemicals to the environment. Thus, ENMs are currently being investigated as alternatives that
promote sustainable food production, while minimizing environmental impacts (White &
Gardea-Torresdey, 2018).
Among the ENMs being developed for agricultural and food preservation applications are
Cu-based ENMs, due to the antifungal and antimicrobial properties of Cu+2 (Keller et al., 2017).
The appeal in Cu-based ENMs is that they serve for slow release of Cu2+ without high
concentrations of ions, which may elicit toxicity effects in biological systems. Other benefits in
applying Cu-based ENMs in agriculture is that Cu is an essential nutrient, vital to various
metabolic processes. Copper significantly contributes in cell wall metabolism, signal pathways
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of transcription processes, phosphorylation, iron mobilization, biogenesis of molybdenum
cofactor and protein synthesis (Tripathi et al., 2015).
Investigations of Cu-based ENMs such as nano Cu, Cu(OH)2, and CuO have shown
favorable, neutral and unfavorable results with respect to their effect on disease suppression,
plant growth and toxicity effects (Cota-Ruiz et al., 2020; Hong et al., 2015; Ma et al., 2019;
Zuverza-Mena et al., 2015). These responses are dependent on plant species, concentration of
ENMs and mode of application. To take full advantage of the benefits that ENMs could offer in
agriculture there needs to be a better understanding of these materials and their environment.
Once released into the environment ENMs immediately begin transformation through homo and
hetero-aggregation, dissolution, coating with natural organic matter, and sedimentation (Keller et
al., 2017).
Furthermore, the degree of bioavailability determines whether copper and other metalbased ENMs elicit favorable or cytotoxic effects in plants (Hwang et al., 2018). Environmental
components that affect physical and chemical states of ENMs include water, air, soil and
organisms (Flores et al., 2021). However, the study of ENMs in complex matrices such as soil
requires modified extraction methods such as filtration, dialysis, centrifugation, liquid-liquid
extraction and liquid-solid extraction to analyze the transformation of these materials, which
directly impacts their bioavailability (El Hadri & Hackley, 2017). Moreover, these sample
preparation techniques may alter the physicochemical properties of ENMs, thus, leading to
results that are not representative of environmental conditions (El Hadri & Hackley, 2017). To
understand the role of ENMs in matrices such as soil, it is vital to have a fundamental evaluation
of these materials in simple matrices, such as water and employ techniques with high sensitivity
and low detection limits such as single particle inductively couple plasma mass spectrometry
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(ICP-MS). The use of aqueous solutions not only minimizes sample preparation but also
facilitates the analysis of ENMs without altering their properties. At the moment, there are still a
lot of knowledge gaps in the current literature with respect to ENMs, their transformation in the
environment and their impacts over time on biological systems, such as plants.
To understand how plant growth is impacted by nutrient solutions containing nano CuO
(nCuO), this study was divided in two phases. The first phase focused on the dissolution of
nCuO at 40nm and 80nm at 50ppm and 100ppm in nutrient solution, while the second phase
focused on plant growth of Zea mays (corn) in nutrient solutions of the same treatments. Nano
CuO was selected over other Cu ENMs such as nano Cu and Cu(OH)2 due to its greater stability,
while corn was selected, as it is a staple crop and produces a significant amount of the total
caloric crop consumption (Adeleye et al., 2014; White & Gardea-Torresdey, 2018) Dynamic
light scattering techniques were used to determine hydrodynamic sizing of nCuO; however, due
to the nature of the samples, single particle ICP MS was determined to be the most suitable
technique to calculate dissolution, based on particle sizing. Once dissolution percentages were
established for nCuO in nutrient solutions, the study was followed by growing corn plants in
nutrient solutions containing nCuO. Agronomic parameters and chlorophyll content of the plants
were measured to determine how plant growth was impacted by the nutrient solutions containing
nCuO.
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3.2. METHODOLOGY
3.2.1 Nutrient Solution Preparation
Deionized water (W.) with a resistivity of 18.2 MΩ was used to prepare nutrient solutions
using a modified Hoagland solution method. After the solutions were pH adjusted to pH 5.8,
bulk CuO (bCuO, Sigma Aldrich), 80nm nano sized CuO (80nCuO, US Nano, Houston, TX),
and 40nm nano sized CuO (40nCuO, US Nano, Houston, TX) were added to each solution, to
obtain final concentrations of 50ppm and 100ppm with respect to nCuO. Control samples were
also prepared containing 50ppm and 100ppm of bCuO, 80nCuO and 40nCuO in ultrapure water.
One liter of each solution was prepared, and particle sizing was carried out using a Malvern
Pananalytical Zetasizer NanoZS90 (New Zealand) for all samples and an Inductively Coupled
Plasma Mass Spectrometer with single particle mode, for sizing of 80nCuO and 40nCuO. Once,
sizing of the particles (at day zero) was determined, dissolution studies were carried out by
dividing each solutions into four replicates per material and concentration.

3.2.2 Dissolution Studies
Each solution was continuously aerated using an Aqua Culture bubbler machine. All
samples were maintained covered in a growth chamber (Environmental Growth Chamber,
Chagrin Falls, OH) at 25/20 °C temperatures and 65 ± 3% relative humidity (Apodaca et al.,
2018). At day zero and each week after, each of the solutions were sonicated at 25℃ using a
Crest Ultrasonicator (Crest Ultrasonics 275DA) for ten minutes and the sizing of the particles
were evaluated using dynamic light scattering and 80nCuO and 40nCuO were also measured
using single particle ICP-MS. Once sizing measurements were completed, solutions were aerated
again, this process was repeated for three weeks.
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3.2.3 Hydrodynamic Sizing
Hydrodynamic sizing for each sample was analyzed through dynamic light scattering
(DLS) using a Malvern Panalytical Zetasizer Nano ZS90 (Malvern, New Zealand), at 25℃. Each
sample was measured three times.

3.2.4 Single particle Inductively Coupled Plasma-Mass Spectrometer (spICPMS) Analysis
Single particle ICP-MS analysis was conducted using a PerkinElmer NexION 1000. Prior
to sample analysis, instrument and concentration optimization was carried out with 80nCuO,
with 0.1ppb identified as the optimum concentration. Initial readings at day zero (week zero) for
80nCuO and 40nCuO were done at 0.1ppb with all further analysis conducted under the same
dilution conditions. The PerkinElmer Syngistix Nano application was used to operate the
NexION 1000 in single particle mode, with a flow rate of 0.3 mL s-1 and a dwell time of 100μs.
Applying the particle size method of Pace et al. (Pace et al., 2011), the particle efficiency of ~7%
was determined daily with a 500μg L-1, 60nm Au-citrate Nanocomposix standard. Instrument
calibrations were done with dissolved standards: 197Au, 140Ce, 49Ti, and 106Pd at concentrations 0,
1, 5, 10 and 20μg L-1.
Syngistix Nano software was used for initial data processing to determine particle size
with a 3σ statistical algorithm to determine the nCuO/background signal threshold. Nanoparticle
(NP) size was calculated from NP signal pulses, assuming the densities and analyte fractions of
CuO and a spherical structure. Statistical calculations were performed using OriginPro 2020.
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3.2.5 Zea mays Seedling Growth
Triple Crown Yellow Hybrid Sweet Corn, Zea mays seeds purchased from Burpee
(Warminster, PA) were disinfected for 1h in 1% NaClO, rinsed three times and soaked for 3h in
W. After soaking, corn seeds were left to air dry overnight. Seeds were germinated on
germination paper with 10mL DW, contained in petri dishes. By day five, seedlings were placed
in nutrient solutions aerated with an Aqua Culture bubbler machine. Nutrient solutions were
prepared in the same manner described above (Section 3.2.1), each containing 50ppm and
100ppm of 80nCuO, 40nCuO, and CuSO4. Once seedlings were introduced into nutrient
solutions, they were grown for three weeks, uncovered, under the conditions described above
(Section 3.2.2). At week three, corn plants were harvested. Half of the shoots were stored at 80℃, while the other half of the shoots and all the roots were oven dried at 70℃. Remainder of
nutrient solutions following harvest were also stored for further analysis.

3.2.6 Chlorophyll Content
A handheld single-photon avalanche diode instrument (SPAD, Minolta Camera, Japan)
was used to measure chlorophyll content of the corn leaves on harvest day. For each SPAD
analysis, five random measurements were made on leaves, for which averages were recorded per
plant.

3.2.7 Statistical Analysis
Normality of data sets were evaluated using the Shapiro-Wilk test. Normal, parametric
data was analyzed using One-way ANOVA followed by a Tukey HSD test for comparison with
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an error α at p ≤ 0.05. Kruskal-Wallis test was used for non-parametric data followed by a
Dunn’s post hoc test. All data analysis was conducted using OriginPro 2020 and Minitab 19.
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3.3 RESULTS AND DISCUSSION
3.3.1 Dissolution Studies – Hydrodynamic Size
Hydrodynamic sizing of the bCuO, 80nCuO and 40nCuO at 50ppm and 100ppm in W. and N.S.
were measured over time using dynamic light scattering (Figure 3.1), the data for the dissolution
of 100ppm 40nCuO were not included, as these experiments are still ongoing. Sizing of each
material was done when suspensions were prepared, day zero and every week thereafter for a
minimum of three weeks. Although there was a lot of variability in hydrodynamic sizes of the
different CuO, nutrient solutions contributed to notably larger hydrodynamic sizes than water.
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Figure 3. 1 Hydrodynamic sizes of bCuO (top left), 80nCuO (top right) and 40nCuO (bottom) in water (W.) and nutrient
solutions (N.S.) over time, from day zero to week three or four.
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This difference is attributed to the various ions present in solution, which may be clustering on
the surface of the various CuO materials, affecting the way light is scattering and therefore
detected by means of Brownian motion.
Different hydrodynamic sizes have been reported for various CuO ENMs including
557nm for 50nm CuO, 280nm +/- 0.5nm for <50nm CuO, and 162nm for 40nm CuO (Gao et al.,
2017; A. D. Servin et al., 2017; Shang et al., 2019). It is important to note that there are many
individual or combined factors that contribute to variations in hydrodynamic sizes including
ionic layer compression, charge neutralization and van der Waals attractions. Often the stability
of these ENMs decreases with increasing pH, ionic strength and ENM concentration (Parsai &
Kumar, 2019). Furthermore, ENMs are often manufactured with surface functionalization or
ligands, which may affect surface charge and consequently hydrodynamic sizing. When
compared against other ENMs such as ZnO, CuO ENMs are known to settle out of solution
quicker and experience a higher degree of homo-aggregation in suspensions (Parsai & Kumar,
2019). Therefore, the large standard deviations in hydrodynamic sizing in Figure 3.1 may be
attributed to certain CuO particles stabilizing or dissolving while others are homo-agglomerating.
Though dynamic light scattering is a powerful technique to measure hydrodynamic sizing in the
nanometer range, it is limited in confirming whether dissolution is occurring and should be used
to supplement more powerful techniques such as transmission electron microscopy (TEM) and
single particle ICP-MS.
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3.3.2 Dissolution Studies – Single particle ICPS-MS
Optimization
Dissolution of nCuO particles was carried out through single particle ICP-MS by
monitoring particle size over time. All single particle analysis was conducted on the same days
hydrodynamic sizes were measured. Bulk CuO materials were excluded moving forward due to
their micron size, which is not suitable for single particle ICP-MS analysis. Method optimization
was achieved with the 80nm nCuO ENMs in water, using the manufacturer’s size specification.
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Figure 3. 2 Optimization of single particle ICP-MS using various concentrations of 80nm nCu (A) 0.5 ppb (B) 0.25
ppb (C) 0.1 ppb (D) 0.05 ppb.
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Figure 3.2 illustrates the various concentrations of 80nm nCuO tested and their corresponding
most frequent particle size and average size. Based on Figure 3.2 (A, B), when higher
concentrations of 0.25 ppb and 0.5 ppb were analyzed, the instrument detected the most frequent
particle sizes at 99nm and 107nm, respectively. However, higher concentrations do not yield
higher particle sizes but rather the instrument is detecting multiple particles in an analysis
window, resulting in a combining of their signals. To obtain a single particle per analysis
window, lower concentrations provided better resolution on true particle mass and in turn
particle size. This was the case for lower concentrations of 0.1 ppb and 0.05 ppb where the most
frequent particle size was 78nm and 75nm, respectively, which align closest to the
manufacturer’s specification of 80nm. A concentration of 0.1 ppb was selected as the optimal
concentration due to the higher frequency of particles detected when compared to 0.05 ppb.
Thus, all further single particle ICP-MS studies were conducted according to the dilution
conditions used to achieve a most frequent particle size of 78nm for 80nm nCuO at day zero.

Particle sizing
Dissolution of 50ppm and 100ppm 80nCuO and 50ppm 40nCuO in water and nutrient
solutions were determined by measuring particle size changes over time using single particle –
ICP-MS, the data for the dissolution of 100ppm 40nCu were not included, as these experiments
are still ongoing. Figure 3.3 includes mean particle size and most frequent particle size, mode,
detected at day zero and every week thereafter, for three weeks. Overall, particle sizes were very
similar in water and nutrient solution, the sizing in water was slightly larger indicating there was
slight nCuO agglomeration in water. Alternatively, nCuO particles appear to be slightly smaller
in nutrient solutions and may be attributed to the solution’s ionic strength, which has been
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reported to disperse Cu based ENMs in aqueous solutions (Adeleye et al., 2014; Peng et al.,
2017).
Mode particle size measurements were selected over the mean to calculate the degree of
dissolution because averages include outliers and are not an accurate representation of the
particles, as seen in Figure 3.2. Based on the mode from day zero to week three, Table 3.1
includes particle sizes and the percent dissolution of nCuO in water and nutrient solutions for
50ppm and 100ppm 80nCuO and 50ppm 40nCuO. Studies on the dissolution of nCuO in various
aqueous matrices have been reported. For example, H. Shang, et al., tested the dissolution of
nCuO at 1mg/L, 5mg/L, 15mg/L and 25mg/L at pH 5.8 over 72 hours and found the materials to
dissolve at 63.14%, 46.53%, 25.73%, and 10.96%, respectively. These results suggest that
solutions with lower nCuO concentrations exhibit greater degree of dissolution (Shang et al.,
2019). Ionic strength and pH have also been reported to affect dissolution, when evaluating
100mg/L nCuO, it was determined that the presence of 100mM NaCl increased the rate of
dissociation five times, when compared to de-ionized water. In this same study dissolution at pH
7 was 0.19%, while at pH 3 it was 56.25% (Peng et al., 2017). Moreover, the dissolution of
nCuO has also been studied in the presence of natural organic material at 1-50mg/L, 10mM NaCl
and 100mg/L nCuO at pH 7 and shaken for 48 hours, with findings suggesting that natural
organic material increases the degree of nCuO dissolution (Miao et al., 2015). Adeleye et al.,
conducted a comprehensive evaluation of the dissolution of Cu-based ENMs in various pHs,
natural organic content, ionic strength and extracellular polymer substances, and all parameters
were found to play a role in the stability of these materials and their dissociation. Findings from
this study suggested chloride ions complex with Cu-based ENMs and promote their dissolution,
with dissolution being highest for Kocide (nano-Cu(OH)2), followed by nano-Cu and lastly
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nCuO (Adeleye et al., 2014). In the present study there were no significant difference between
the dissolution of nCuO in water and nutrient solution. However, it is important to note that the
dissolution studies involved constant aeration of the samples, indicating that the influence from
dissolved oxygen may be greater than that of the ionic strength. The effect of dissolved oxygen
has been considered in the dissolution of Ag ENMs, with contradicting findings regarding their
role in promoting or hindering dissolution (Loza et al., 2014; Mittelman et al., 2013).
Different means that have been used to evaluate the dissolution of the CuO ENMs have
included devices such as Float-A-Lyzer G2, Cu2+ ion selective electrode, atomic emission
spectroscopy and conventional ICP-MS, which measure Cu ionic species, however, there is a
lack of studies that incorporate the sizing of these materials over time as a means to measure
their dissolution (Adeleye et al., 2014; Miao et al., 2015; Peng et al., 2017; Shang et al., 2019).
The use of techniques such as single particle ICP-MS, complement previous analytical methods
by measuring particulate mass rather than the production of ionic species.
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Figure 3. 3 Single particle ICP-MS particle dissolution, measured through mode (most frequent particle size) and mean:
50ppm 80nCu (top left), 100ppm 50ppm (top right), and 50ppm 40nCu (bottom) in water (W.) and nutrient solution
(N.S.).
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Table 3.1: Initial and final particle sizes and dissolution percentages of 50ppm 80nCuO, 100ppm 80nCuO and
50ppm 40nCuO in water (W.) and nutrient solution (N.S.).

50ppm
80nCuO

Initial Particle Size
W.
N.S.
79.8
73.4
(±3.720)
(±5.231)

Final Particle Size
W.
N.S.
55.6
53.2
(±3.816)
(±2.800)

Percent Dissolution
W.
N.S.
30%
28%

100ppm
80nCuO

71.4
(±3.878)

70
(±0.000)

55.4
(±1.200)

54.6
(±1.200)

22%

22%

50ppm
40nCuO

59
(±2.757)

53.8
(±4.118)

45.6
(±4.883)

43.2
(±3.487)

23%

20%

3.3.3 Plant Growth – single particle ICP-MS
Particle sizing
Dissolution studies of 80nCuO and 40nCuO were carried out to understand how these
ENMs may affect corn plants grown in nutrient solutions containing these materials. For the
purpose of the plant growth phase, single-particle ICP MS analysis was only carried out at day
zero and at week three, during harvest. Figure 3.4 illustrates the percent dissolution of 50ppm
80nCuO, 100ppm 80nCuO and 50ppm 40nCuO in nutrient solutions in the presence of the corn
plants (outer circles) and the percent dissolution in the absence of the plant (inner circle),
measured from the mode particle sizes from day zero and week three. Overall, percent
dissolution was significantly lower for the nCuO ENMs in the presence of the corn plants with
percentages of 18%, 16%, and 15% compared to 28%, 22%, and 20% for 50ppm 80nCuO,
100ppm 80nCuO and 50ppm 40nCuO, respectively. Conducting single-particle ICP-MS
measurements every week during the dissolution phase of this experiment was vital for the plant
growth phase because single time point measurements do not capture the dissolution process of
ENMs, and thus, fail to predict bioavailability or toxicity effects of ENMs (Gao et al., 2018).
46

An observation during the plant growth process in the presence of all nCuO ENMs
treatments was that when the plant roots were introduced into the nutrient solutions, the ENMs
were homogenously distributed in the media and over the course of the plant growth cycle, the
roots were visibly covered in nCuO ENMs. This adhesion of the ENMs on the plant roots
reduces their dispersibility in solution which directly affects dissolution. Furthermore, as the
plant was growing it was very likely up taking nutrients from the solutions which directly
impacts the ionic strength of the solution and thus dissolution. As previously mentioned, ionic
strength has been reported to be an important factor in the solubility of Cu-based ENMs
(Adeleye et al., 2014). These findings suggest that a reduction in ionic strength combined with
the presence of plant roots greatly impacted the dispersibility of the CuO ENMs, decreasing their
percent dissolution. This is important to consider, when evaluating the role of nCuO in specific
applications because their bioavailability or slow release of Cu ions, will be greatly affected by
their environmental conditions.
A previous study evaluating the effects of Zea mays root exudates on the dissolution of
25mg/L CuO ENMs at pH 5.8 over 72 hours, suggested that root exudates increase the
dispersion of CuO, regardless of ionic strength and types of electrolytes in solution. Moreover,
root exudates were reported to stabilize CuO ENMs through electrostatic repulsion (Shang et al.,
2019). X. Gao, et al. have reported contradicting findings for CuO ENMs solubility in 14-day old
rhizosphere soil used for wheat growth, suggesting that overtime CuO ENMs solubility
decreases due to complexation of these materials with root exudates (Gao et al., 2018). Based on
these reports, it is probable that root exudates play a role in the dissolution of CuO ENMs;
however, it is important to consider the differences in media as well as time. Root exudates were
not evaluated in the present study; however, considering the plant growth phase was of three
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weeks, 21 days, the effect of root exudates in the dissolution of CuO ENMs may not be as
pronounced after a certain time threshold. In addition to organic matter and plant exudates,
bacteria is known to contribute to the dissolution and bioavailability of CuO ENMs and is an
area that should be heavily explored in future studies, due to the vital role of bacteria in soil
(Hortin et al., 2020). Previous studies suggest that exposure of ENMs through soil, exerts less
pronounced effects than when ENMs are applied foliarly or through nutrient solutions; however,
it is important to understand the behavior of these ENMs in all media to determine what
applications they are most suitable for (Cantu et al., 2022).

Figure 3. 4 Single particle ICP-MS dissolution of 50ppm 80nCu (top left), 100ppm 50ppm (top right), and 50ppm
40nCu (bottom) in water (W.) and nutrient solution (N.S.). Inner circles represent percent dissolution of the nCuO
material in nutrient solution from the dissolution studies and the outer circles represent the percent dissolution of the
nCuO during the plant growth phase.
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3.3.4 Plant Growth – Agronomic Parameters
Plant growth was measured by evaluating the agronomic parameters, root and shoot
lengths (Figure 3.5) and root and shoot biomass (Figure 3.6). Ionic treatments were not
considered when evaluating the agronomic parameters nor any future studies thereafter, due to
their stunted growth and necrotic appearance occurring at week two. Ionic Cu treatments as low
as 10mg, when applied foliarly to cucumber plants, have been reported to cause damaging effects
such as significant decreases in photosynthetic pigment and leaf chlorosis (L. Zhao, Hu, Huang,
Fulton, et al., 2017). Previous studies have also reported deleterious effects on corn seedlings
grown in ionic copper amended agar, especially at elevated concentrations of 1000ppm (Valdes
et al., 2020). Regardless of the mode of application, ionic species are readily available such that
above a specific threshold they elicit toxic effects (Parsai & Kumar, 2019).
Overall, when compared to the control all nCuO treatments at both 50ppm and 100ppm
concentrations, significantly decreased the root lengths (p ≤ 0.000), while only the 50ppm 40nCu
treatment significantly reduced the shoot length (p ≤ 0.010), Figure 3.5. Similar observations
were seen with root and shoot biomass; regardless of the treatment concentration and size of
nCu, root length was significantly hindered, when compared to the control. However, only the
100ppm nCu treatments affected the shoot biomass (Figure 3.6). At elevated levels in plants,
copper is known to exhibit toxicity effects. Particularly after exceeding a threshold of 25 mg/kg
in plant weight, Cu is known to induce an Fe deficiency with very slow growth and possibly
stunted roots, which was observed in the plants grown in nutrient solution containing ionic and
nCuO. Similar results were reported by Z. Wang, et al. indicating there was a significant
decrease in root and shoot biomass of corn plants grown in nutrient solutions containing 10mg/L
and 100mg/L nCuO (Z. Wang et al., 2012).
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However, variable results were found in corn grown in soil containing nano SiO2, TiO2,
and Fe3O4 at 100mg/kg, and CeO2 and ZnO at 400mg/kg ang 800mg/kg, under these growth
conditions corn plants were not affected with respect to their root and shoot lengths or biomass
(L. Zhao et al., 2015, 2019). Conversely, foliar applications of Fe and Fe3O4 ENMs significantly
increased corn plant biomass by over 30%, when compared to control, while foliar applications
of nano Cu(OH)2 significantly reduced the biomass of 3-week-old corn plants by 17-20% (P. Li
et al., 2020b; L. Zhao, Hu, Huang, & Keller, 2017). Plant growth, measured through root and
shoot length and biomass are simple phenotypic features that give incite to plant development;
generally, the larger the plant, the more favorable its growth conditions.
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Figure 3. 5 Effect of nCuO ENMs in corn growth. Root length (left) and shoot length (right) of corn grown in
40nCuO and 80nCuO, containing nutrient solutions at 50ppm and 100ppm. The * denotes significant differences
between treatment and its respective control at p ≤ 0.000 for root length and p ≤ 0.010 for shoot length.
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Figure 3. 6 Effect of nCuO ENMs in corn growth. Root mass (left) and shoot mass (right) of corn grown in 40nCuO
and 80nCuO, containing nutrient solutions at 50ppm and 100ppm. The * denotes significant differences between
treatment and its respective control at p ≤ 0.000 for root mass and p ≤ 0.006 for shoot mass.

3.3.5 Plant Growth – Chlorophyll Content
Photosynthesis is a vital process in plant physiology and the way it is modulated is
important for plant growth and development (Pérez-Bueno et al., 2019). Chlorophyll is a pigment
found in chloroplasts and is responsible for light adsorption during photosynthesis. Figure 3.7
illustrates the chlorophyll content in the plants, measured during harvest. Overall, the average
chlorophyll content was unaffected by the nCu treatments, when compared the control (p ≥
0.071). Similar results have been reported for tomatoes and sweet potatoes grown to full maturity
in soil amended with CuO ENMs (Bonilla-Bird et al., 2020; Cantu et al., 2022), as well as
tomatoes grown in nCuO amended in hydroponics up to 2000 μg/ml (Ahmed et al., 2018).
Alternatively, mung bean and Landoltia punctata grown in nCuO containing agar and
nutrient solution, respectively, resulted in a decrease in chlorophyll content at concentrations of
at least 100ppm in agar and 1mg/L in nutrient solution (Gopalakrishnan Nair et al., 2014; Shi et
al., 2011). Other studies have also found that foliar applications of 100mg Cu(OH)2 on 3-week51

old maize plants have negatively impacted chlorophyll content (L. Zhao, Hu, Huang, & Keller,
2017). Moreover, when evaluating the effects of soil amended with nano CeO2 and nano ZnO, on
chlorophyll content in fully mature corn plants, L. Zhao et al. found there were no effects at
concentrations of 400 mg/kg and 800 mg/kg nano CeO2 when compared to controls. Significant
differences were observed in the chlorophyll content in corn grown in 800 mg/kg of nano ZnO at
days 20 and 30, when compared to the control, however, this decrease leveled once plant reached
full maturity (L. Zhao et al., 2015). Opposing results indicated that when ~3.75mg of Fe and
Fe3O4 nanoparticles were applied foliarly to corn for ten days, chlorophyll content increased by
nearly 20% and 30%, respectively (P. Li et al., 2020b). Generally, disruptions in chlorophyll
content are observed under elevated ENMs exposure, however, plant species, developmental
stage, and mode of exposure are underlying factors that contribute to the observed effects
(Zuverza-Mena et al., 2017).
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Figure 3. 7 Effect of nCuO ENMs on chlorophyll content in corn grown in 40nCuO and 80nCuO, containing nutrient
solutions at 50ppm and 100ppm. Significant differences were not observed between different treatments and their
respective controls, p ≤ 0.071.
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3.4 CONCLUSION
Dissolution studies of 50ppm 80nCuO, 100ppm 80nCuO and 50ppm 40nCuO were
conducted in water and nutrient solutions to understand their slow release of Cu ions in the
presence of corn roots. Overall, there were no significant differences between the dissolution of
the studied nCuO ENMs in nutrient solution when compared in water, however, in the presence
of corn roots there was significantly less dissociation of these ENMs. When evaluating
phenotypic characteristics such as agronomic parameters of the corn plants grown in nutrient
solution amended with nCuO there was a significant reduction in root lengths and biomass when
compared to the control samples. With respect to the shoots there were variable results, the
100ppm 40nCuO treatment significantly reduced the shoot length and mass, while the 100ppm
80nCuO only affected the shoot mass, when compared to the control samples. Chlorophyll
content however, remained unaffected regardless of nCuO size and treatment concentration.
To complement the aforementioned findings, ongoing studies are being conducted on the
dissolution of 100ppm 40nCuO and the growth of corn plants in this nCuO treatment. Additional
studies for the plant growth phase include determining the nitrate and chloride uptake through
ionic chromatography analysis of the aqueous solutions. Protein content will also be evaluated as
another growth parameter. Finally, a full plant nutrient profile of essential nutrients will be
assessed for the roots and shoots to determine if there was any specific distribution of nutrients in
these two different plant tissues. Collectively, these studies will determine if there is any
correlation between protein content and plant nitrate uptake, agronomic parameters, and whether
nCuO treatments had any disruption in essential nutrient uptake. This information will provide a
more comprehensive understanding of plants grown in nCuO amended nutrient solutions and
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serve to study and understand the role of nCuO exposure to plants in more complex matrices
such as soil and under ever changing climate conditions.
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CHAPTER 4
CONCLUSIONS
Physiological and molecular responses of Zea mays seedlings were evaluated
following their exposure to nCu, bCu, and iCu for six days. The elemental composition of
seedling tissues, roots, and shoots suggests that under certain treatments and concentrations the
nutritional profile of the seedlings can be disrupted. Meanwhile, the authors have found that PPO
was not expressed in the six-day-old corn seedlings, as demonstrated by genetic expression and
enzymatic approaches. This suggests that the PPO defense system remains inactive in Cu-treated
seedlings. Additionally, protein content and CAT enzymatic activity were unaffected in either
root or shoot seedling tissues. However, differences in gene expression of APX and MT suggest
that certain Cu compounds can induce underlying molecular changes at the cellular level. When
comparing the differences in genetic expressions of APX and CAT with the control, it is evident
that ROS scavenging is a very complex cellular process. Hence, specific pathways may be
upregulated or downregulated depending on cellular compartmentalization of ROS production.
The effects of Cu compounds on corn seedlings need to be further evaluated because, under
certain treatment conditions, Cu may increase nutritional value to plants. This added nutrition
can be utilized to enhance defense responses, particularly under strenuous conditions such as
plant disease. Based on the variation in APX gene expression, it appears that ROS scavenging is
compartmentalized. Furthermore, additional molecular studies will need to be considered to
confirm the metabolic pathways that are taking precedence in the cells. These studies include, the
determination of the genetic expression of the different SOD isoforms, as well as the enzymatic
activity of SOD and APX. In addition, the quantification of non-enzymatic antioxidant
compounds can be evaluated to determine their metabolic role in ROS scavenging. Ultimately,
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copper compounds can be tested in pathogen-infected corn to exploit the beneficial properties of
corn while enhancing the plant immune responses.
Dissolution studies of 50ppm 80nCuO, 100ppm 80nCuO and 50ppm 40nCuO were
conducted in water and nutrient solutions to understand their slow release of Cu ions in the
presence of corn roots. Overall, there were no significant differences between the dissolution of
the studied nCuO ENMs in nutrient solution when compared in water; however, in the presence
of corn roots there was significantly less dissociation of these ENMs. When evaluating
phenotypic characteristics such as agronomic parameters of the corn plants grown in nutrient
solution amended with nCuO there was a significant reduction in root lengths and biomass when
compared to the control samples. With respect to the shoots there were variable results, the
100ppm 40nCuO treatment significantly reduced the shoot length and mass, while the 100ppm
80nCuO only affected the shoot mass, when compared to the control samples. Chlorophyll
content however, remained unaffected regardless of nCuO size and treatment concentration.
To complement the dissolution study and corn plant growth in nCuO containing nutrient
solutions, ongoing studies are being conducted on the dissolution of 100ppm 40nCuO and the
growth of corn plants in this nCuO treatment. Additional studies for the plant growth phase
include determining the nitrate and chloride uptake through ionic chromatography analysis of the
aqueous solutions. Protein content will also be evaluated as another growth parameter. Finally, a
full plant nutrient profile of essential nutrients will be assessed for the roots and shoots to
determine if there was any specific distribution of nutrients in these two different plant tissues.
Collectively, these studies will determine if there is any correlation between protein content and
plant nitrate uptake and agronomic parameters and whether nCuO treatments had any disruption
in essential nutrient uptake. This information will provide a more comprehensive understanding
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of plants grown in nCuO amended nutrient solutions and serve to study and understand the role
of nCuO exposure to plants in more complex matrices such as soil and under ever changing
climate conditions.
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APPENDIX
Supplementary Material

Table S1: Primer gene sequences and RT-qPCR conditions.
Gene
Actin
APX
MT
CAT
PPO

Final
concentration
1000 nM
1000 nM
1000 nM
500 nM
500-1000 nM

Ta

Forward sequence (5'-3')

55
55
62
55
55

GGCACCACACCTTCTACAAC
GGTTTTCTCCACACAGATGG
AGTACCCTGACCTGGAGGAG
GAGGGAGAAGGCAACCATAC
CGCGCCTACCTCTACTTCTT

75

Reverse sequence (5'-3')
GCCTGGATGGACACATACAT
AGAGGAGGGCTTTGTCACTT
AGTTGCAGGGGTCGCACT
ACTTGGCGAGGAGGTCTATC
CTGCTCGTCGGTGTAATTCT

Table S2. Macro and micronutrient content in corn seedlings exposed to different Cu compounds
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Figure S. 1 Average seedling fresh weight biomass of corn seedlings exposed to 0 and 10ppm nCu, bCu and iCu
compounds. Significant differences were not observed between different treatments and their respective controls at p
≤ 0.05.
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A

B

*

*
*

Figure S. 2 Average root (A) and shoot (B) length of corn-seedlings treated with nCu, bCu and iCu at concentrations
of 0, 10, 100 and 1000 ppm. The * denotes significant differences between treatment and its respectively
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